The decay of the primary intermediate generated in the reaction of oxygen with cytochrome c oxidase is nearly one order of magnitude faster in the fully reduced form of the enzyme than it is in the mixed valence form. To account for this observation, we propose a model describing the early molecular events in the reaction. In this model the decay of the primary Fe-02 intermediate in the fully reduced enzyme is a consequence of direct electron transfer from cytochrome a. To test the model we measured the time dependence of the oxidation of cytochrome a by monitoring the resonance Raman scattering intensity of its vibrational modes. A rapid oxidation of cytochrome a was detected that quantitatively agrees with the model. These results indicate that the mechanism of oxygen reduction and proposed frameworks for proton translocation must be reexamined.
ABSTRACT
The decay of the primary intermediate generated in the reaction of oxygen with cytochrome c oxidase is nearly one order of magnitude faster in the fully reduced form of the enzyme than it is in the mixed valence form. To account for this observation, we propose a model describing the early molecular events in the reaction. In this model the decay of the primary Fe-02 intermediate in the fully reduced enzyme is a consequence of direct electron transfer from cytochrome a. To test the model we measured the time dependence of the oxidation of cytochrome a by monitoring the resonance Raman scattering intensity of its vibrational modes. A rapid oxidation of cytochrome a was detected that quantitatively agrees with the model. These results indicate that the mechanism of oxygen reduction and proposed frameworks for proton translocation must be reexamined.
Cytochrome c oxidase catalyzes the four-electron reduction of dioxygen to water and translocates protons vectorially across the inner mitochondrial membrane. The redox active centers of the enzyme are the two heme groups, cytochrome a and cytochrome a3, and two copper atoms, CUA and CUB. It is now well established that CUB and cytochrome a3 form a binuclear site that binds dioxygen, and electrons from cytochrome c are transferred to the binuclear site via CUA and cytochrome a (1) . The determination of the molecular basis for the mechanisms of the complex 02 reduction and proton translocation requires knowledge of the structure and the kinetic properties of each of the reaction intermediates in the catalytic cycle. This information has been difficult to obtain at physiological temperatures because reliance has been made primarily on optical absorption spectra in which there is extensive overlap of absorption bands from each of the redox centers and the various intermediates (2) (3) (4) (5) (6) .
Resonance Raman spectroscopy is a very powerful technique for probing the bound-ligand structure (7, 8, 31) and the redox states of the metal centers in cytochrome c oxidase (23) since isolated marker lines are present in the structure-rich spectra. To follow the formation and decay of the intermediates in the reaction of oxygen with cytochrome c oxidase, we have coupled resonance Raman scattering with the flowflash-probe method (2) of synchronously initiating the oxygen reduction process (9) (10) (11) . With this technique we have identified the Fe-02 stretching mode of the primary intermediate at 568 cm-', which is the same frequency as that in oxyhemoglobin and oxymyoglobin, suggesting that the molecular structure at the physiological binding site is not unique in cytochrome c oxidase (9, 11) . By following the change in intensity of the Fe-02 stretching mode, the rate constants for the decay of the primary intermediate in the fully reduced (FR) (a2+ CuX+, a2+ Cul+) and in the mixed valence (MV) (a3+ CU2+, a2+ CuB+) forms of the enzyme were found (10, 11) to be 3.5 x 104 s-1 and 4.5 x 103 sol, respectively. Although the oxidation states of each of the redox centers during enzyme turnover under physiological conditions are not known, these two forms of the enzyme are useful models for determining the structures and properties of the catalytic intermediates.
In the past it has been assumed that the first step in the decay of the primary oxygen intermediate in the FR and the MV forms of the enzyme was electron transfer from the spectrally silent CUB to the Fe-02 complex of cytochrome a3 (6, (12) (13) (14) (15) , although a branched mechanism with a pathway in which cytochrome a rather than CUB is rapidly oxidized has been proposed (3, 4). Based on the model that the primary oxygen intermediate in both the FR and MV forms of the enzyme decays by electron transfer from CUB, the difference between the rate of decay ofthe primary intermediate in these two forms of the enzyme was attributed to conformational changes at the binuclear site induced by the change in the redox state of the low-potential sites (CUA and cytochrome a). The existence and identity of such conformational changes during the 02 reduction process in cytochrome c oxidase is a difficult matter to either prove or disprove since interactions between redox centers have been reported (16) (17) (18) (19) (20) but no definitive spectroscopic evidence has yet been observed. However, by considering that the iron-oxygen stretching frequency, which is sensitive to the structure ofthe Fe-02 complex, is the same in the FR and the MV forms of the enzyme (9, 11) , the evidence becomes weaker that the active site undergoes a large conformational change upon reduction of the low-potential sites. Moreover, the vibrational properties of the CO ligand in carbon monoxide-bound cytochrome a3 indicate that the dioxygen site is rigid and not subject to conformational modulation by the redox states of other centers (21) . Therefore, it is difficult to rationalize the large difference in the rate constants if it is assumed that the decay is a consequence of electron transfer from CUB to the Fe-02 complex.
To determine the role played by cytochrome a in the reaction of oxygen with cytochrome c oxidase and its mechanism of influence on 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. anism of oxygen reduction and possible frameworks for proton translocation must be reexamined. Carbon monoxide was introduced to the FR enzyme to prepare the CO complex. At each step the integrity of the enzyme was confirmed by obtaining the optical absorption spectrum on a UV-VIS spectrometer (SLM Aminco, Urbana, IL).
EXPERIMENTAL METHODS
To generate the intermediates in the reaction of 02 with cytochrome c oxidase, a syringe was filled with the CObound form of the reduced enzyme and another syringe was filled with buffer [100 mM potassium phosphate ( Fig. 1 . Several lines may be assigned (23) to either oxidized or reduced cytochrome a. Among the most prominent are the lines at 1519, 1611, and 1649 cm-'. The former two lines originate from reduced cytochrome a and the latter from the oxidized form of this center. The top spectrum in Fig. 1 is that of the FR enzyme in the absence of ligands, obtained by photolyzing the CO-bound enzyme anaerobically. The progress of the reaction of the enzyme with oxygen is followed from spectra B through F as a function of time. The time delay is determined by the flow rate, the size of the sample cell, and the physical separation between the photolysis and probe beams (413.1 nm). It is evident from the data that, even for the shortest probephotolysis delay-time, oxidation of cytochrome a has already started to occur. Inspection ofthe data indicates that over the time course of the experiments reported here cytochrome a has been significantly oxidized. With a different excitation wavelength for the probe beam, 441.6 nm, which selectively enhances only reduced cytochrome a (24, 25) , equivalent results were obtained.
To account for the rapid partial oxidation of cytochrome a,
we propose a very simple model (Fig. 2) for the early steps in the oxygen reduction process. In this scheme all of the rate constants are determined experimentally. Tfhe key elements of this model are as follows. (i) Reduction of the low-potential sites (cytochrome a and CUA) induces no conformational change to affect the electron transfer ratp from CUB to the bound Fe-02 complex. Thus, k2, the rate of electron transfer from CUB to the bound Fe-02 complex, which-is the experimentally (10) determined rate of decay of the primary intermediate in the MV enzyme (4.5 x 103 s-1), is the same regardless of the redox state of the low-potential sites. (ii) In FR cytochrome c oxidase, electron transfer takes place directly from cytochrome a to the oxygen-bound binuclear site. The rate constant for this process (k3 = 3 x 104 s-1) was determined by subtracting the rate constant (4.5 x 103 s'1) for the electron transfer from CUB to the Fe-02 complex measured in the MV experiments (10) from the measured decay rate (3.5 x 104~s'1) of the primary intermediate in the FR enzyme (11). (iii) There is a rapid redox equilibripim between cytochrome a and CUJA for which we atiopt the reported values (26) for the forward (k4) and reverse (k 4) rate constants. The time dependence of the populations of the intermediates based on this model are presentied in Fig. 3 (11) ; and k4 and k_4 are the reported values for the equilibrium between the low-potential centers (26) . The Fe-02 complex is written as having 'an oxidation state of 2+ when it displays properties similar to those of oxyhemoglobin or oxymyoglobin and 1 + when it has accepted one elecr6on from another redox center.
i.e., upon binding dioxygen, an electron from cytochrome'a3 is transferred to it immediately. Therefore, in the model the three secondary intermediates (IIA, B, and C) jare' peroxjdq forms of the enzyme (two-electron reduced). In each of these intermediates the first electron originated 'from the, cytochrome a3 heme group. In IIA and IIB, the binuclear site is the same-i.e., a heme peroxide with Cul in its cuprous state. These two intermediates differ only in the formal assignment of the low-potential redox states. In' A, CuA has lost an electron whereas, in IIB, cytochrome a has lost an electron. Intermediate IIC is a peroxide form of tfhe enzyme in which the second electron originates from CU'. Thus, in our model peroxy states remain as obligatory intermnediates in the oxygen reduction process. In this model the decay-of intermediates IIA, B, and C are not considered since it is-only a description of the early molecular events. T er foe, we dt not address the origin ofthe changes reported at longer times.
To test this model, the time evolution of the oxidation Qf cytochrome a is compared to a computer calculation simu- lating our experimental conditions (Fig. 4 ). An alternative pathway, direct electron transfer from CUA to the Fe-02 complex, was also considered and the calculated oxidation of cytochrome a with this pathway is shown as the dashed curve in Fig. 4 . Our experimental observations cannot be accounted for by this latter pathway without making the CuA-tocytochrome a electron transfer rate unreasonably high (k >> 5 x 104 s-') since it has been reported to become oxidized (16, 17) . In addition, some changes in the optical properties (18) of cytochrome a3 and changes in the redox potential (19, 20) of CUB, upon changing the redox states of the low-potential sites, have been reported. However, the effect of these Proc. Nati. Acad. Sci. USA 87 (1990) 8411
Ohanges on the rate of electron transfer from CUB to the rted here and the determination of the later steps will lead toa better understanding of the structure of the catalytic intermediates and a framework on which to build concepts for proton translocation.
